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ABSTRACT

Respiratory syncytial virus (RSV) is the leading cause of acute respiratory tract viral infection in infants, causing bronchiolitis
and pneumonia. The host antiviral response to RSV acts via retinoic acid-inducible gene I (RIG-I). We show here that RSV infec-
tion upregulates major histocompatibility complex class I (MHC-I) expression through the induction of NLRC5, a NOD-like,
CARD domain-containing intracellular protein that has recently been identified as a class I MHC transactivator (CITA). RSV
infection of A549 cells promotes upregulation of NLRC5 via beta interferon (IFN-�) production, since the NLRC5-inducing ac-
tivity in a conditioned medium from RSV-infected A549 cells was removed by antibody to IFN-�, but not by antibody to IFN-�.
RSV infection resulted in RIG-I upregulation and induction of NLRC5 and MHC-I. Suppression of RIG-I induction significantly
blocked NLRC5, as well as MHC-I, upregulation and diminished IRF3 activation. Importantly, Vero cells deficient in interferon
production still upregulated MHC-I following introduction of the RSV genome by infection or transfection, further supporting a
key role for RIG-I. A model is therefore proposed in which the host upregulates MHC-I expression during RSV infection directly
via the induction of RIG-I and NLRC5 expression. Since elevated expression of MHC-I molecules can sensitize host cells to T
lymphocyte-mediated cytotoxicity or immunopathologic damage, the results have significant implications for the modification
of immunity in RSV disease.

IMPORTANCE

Human respiratory syncytial virus (RSV) is the leading cause of bronchiolitis and pneumonia in infants and young children
worldwide. Infection early in life is linked to persistent wheezing and allergic asthma in later life, possibly related to upregula-
tion of major histocompatibility class I (MHC-I) on the cell surface, which facilitates cytotoxic T cell activation and antiviral im-
munity. Here, we show that RSV infection of lung epithelial cells induces expression of RIG-I, resulting in induction of a class I
MHC transactivator, NLRC5, and subsequent upregulation of MHC-I. Suppression of RIG-I induction blocked RSV-induced
NLRC5 expression and MHC-I upregulation. Increased MHC-I expression may exacerbate the RSV disease condition due to im-
munopathologic damage, linking the innate immune response to RSV disease.

Respiratory syncytial virus (RSV) is the leading cause of lower
respiratory tract infection in infants and young children, caus-

ing bronchiolitis and pneumonia in infants and young children
worldwide. Due to the highly infectious nature of the virus,
roughly two-thirds of children are infected by their first birthday,
and this reaches essentially 100% by the age of 2 (1, 2). RSV infec-
tion is a leading cause of infant hospitalization due to bronchiolitis
(2, 3). In the United States alone, an estimated 2.1 million children
under 5 years of age with RSV infection require medical attention
each year (4). Importantly, lower respiratory tract infection by
RSV early in life is a risk factor for persistent wheezing and asthma
in later life (5, 6). There are no RSV vaccines available to prevent
childhood infection. These factors create an urgent need to under-
stand the mechanisms of RSV disease, the molecular mechanisms
associated with immunoregulation, and the downstream associa-
tion between RSV infection and allergic asthma.

RSV belongs to the subfamily Pneumovirinae of the paramyxo-
viruses. A negative-sense, single-stranded RNA virus with a ge-
nome of approximately 15,000 nucleotides (7), the virus can infect
a broad range of cells. In patients, however, infection is normally
highly restricted to the superficial cells of the respiratory epithe-
lium, the ciliated cells of the small bronchioles, and pneumocytes

in the alveoli (8–10). Infection is initiated by cell surface binding
via proteoglycans (11), followed by nucleolin-mediated fusion for
RSV cell entry (9, 12) and infection. In response, the host initiates
an early innate immune response at the site of infection. Receptors
of innate immune recognition, like Toll-like receptors (TLRs) and
retinoic acid-inducible gene I (RIG-I), which are involved in de-
tection of viral RNA, promote the activation of antiviral immunity
and cytokine production, as well as the recruitment of proinflam-
matory cells (10, 13–16). This increased expression of inflamma-
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tory mediators, immune cell chemoattractants, and antigen-pro-
cessing machinery is implicated in RSV-induced lung injury (13,
17–19). Indeed, several gene-based studies have linked the differ-
ences in outcomes after RSV infection to genes involved in im-
mune responses, including those for interleukin 4 (IL-4), IL-6,
and IL-8, as well as TLR4, in innate immunity (20). The impor-
tance of the T cell response in RSV disease is also supported by the
observation that RSV infection of airway epithelial cells upregu-
lates major histocompatibility complex class I (MHC-I) expres-
sion (21–23), although many viruses have the ability to downregu-
late MHC-I expression as a strategy for immune evasion (24–26).
An apparent genetic susceptibility, based on the MHC class, to
delayed sequelae of neonatal RSV infection is suggested by ge-
nome-wide association studies in murine models. The MHC hap-
lotype and CD8� T cell responses are linked as key determinants
of the outcome in neonatal RSV infection (22). Despite this link,
significant gaps in our knowledge remain regarding the mecha-
nisms of MHC-I induction following RSV infection.

The expression of MHC-I molecules is transcriptionally regu-
lated by transcription factors and a specific transactivator of
MHC-I genes (CITA) (27, 28). The promoter regions consist of
NF-�B binding regions, interferon (IFN)-stimulated response el-
ements (ISRE), and an SXY module. The last is comprised of W/S,
X1, X2, and Y boxes (27, 29) and is regulated by the binding of a
multiprotein complex (30–34) to regulate the expression of MHC
molecules (35–37). A recently identified NOD-, LRR-, and
CARD-containing 5 (NLRC5) protein has been demonstrated to
function as a specific cotransactivator of MHC-I genes (28, 38–41).

NLRC5 is a multidomain protein expressed in lymphocytes, as
well as in the lung (http://www.genecards.org/cgi-bin/carddisp.pl
?gene�NLRC5). Viral infection, interferon stimulation, and sim-
ilar challenges induce NLRC5 expression in a STAT1-dependent
manner (28, 42). However, NLRC5 itself does not have a DNA-
binding domain and therefore must cooperate with the multipro-
tein complex to regulate MHC-I gene expression (28, 39, 43, 44).

We investigated MHC-I expression during RSV infection of
A549 cells. Viral infection was always accompanied by upregula-
tion of RIG-I and, subsequently, production of interferons. Nota-
bly, NLRC5 induction followed beta interferon (IFN-�) induc-
tion and RIG-I upregulation, since suppression of RIG-I ablated
both NLRC5 and MHC-I gene expression. The results implicate
NLRC5 as a key effector of MHC upregulation downstream of
interferon during RSV infection of human airway epithelial cells.

MATERIALS AND METHODS
Cells and virus. The A549 human lung adenocarcinoma epithelial cell line
was purchased from the ATCC, Manassas, VA (CCL-185). The Vero cell
line (African green monkey kidney epithelial cells) originated from the
ATCC and was purchased from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, China). A549 cells were cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM) with high glucose that was supplemented
with 2 mM L-glutamine, nonessential amino acids, sodium pyruvate, and
10% heat-inactivated fetal bovine serum (FBS) (all from Life Technolo-
gies). Newborn calf serum was used instead for Vero cells. All cells were
cultured at 37°C in a humidified incubator with 5% CO2.

Human RSV type A (strain A2) was used in previous studies, and the
titer of the virus was determined by following a previously reported pro-

FIG 1 Determination of MHC-I and MHC-II expression in RSV-infected A549 airway epithelial cells. (A) Surface expression of MHC-I and MHC-II by flow
cytometry study. The A549 cells of a human alveolar basal epithelial cell line were infected with RSV at an MOI of 1.0 for 36 h. Surface expression of MHC-I or
MHC-II was stained for with commercial antibody kits and determined by FACS. Values on the x axes are fluorescence intensities of APC-MHC I and
FITC-MHC II, respectively. Blue lines indicate results for the idiotype controls. The experiment was performed independently 3 times. (B) Determination of
MHC-I molecules by quantitative PCR. A549 cells were left uninfected (Con) or infected with various amounts of RSV for 24 h. Expression of the HLA-A, HLA-B,
and HLA-C genes was determined by qPCR. The results are representative of three independent experiments with duplicate samples. The data are presented as
means and standard deviations (SD) of duplicate samples. An unpaired t test was performed for statistical analysis. NS, no significance; **, P � 0.01.
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tocol (45, 46). The resulting stock solution was stored at �70°C. Because
RSV retains a close association with the host cell membrane and has a
tendency to aggregate during centrifugation procedures, the stock of
crude supernatant was used after a titer was determined.

To prepare genomic RNA for transfection studies, RSV was purified by
ultracentrifugation by following a previously reported protocol (47). The
purified virus was then treated with 500 �g/ml of proteinase K and 0.3%
SDS at 56°C for 20 min (48). After removal of proteins by phenol-chlo-
roform extraction, viral RNA was recovered by ethanol precipitation and
used for transfection studies.

Antibodies and reagents. Recombinant human IFN-�, IFN-�, IL-
28B, and IL-29 proteins were purchased from SinoBiologicals Inc. (Bei-
jing, China). Lipofectamine 2000 was purchased from Life Technologies.
p3x-FLAG-NLRC5 was kindly provided by Jean de Silva Correia. Anti-
bodies used for immunoblotting studies of RSV F protein (sc-101362) and
MHC-I (sc-32235) were purchased from Santa Cruz Biotechnology Inc.
Antibody against p-IRF3 (4947) was purchased from Cell Signaling Tech-
nology. Monoclonal antibody to RIG-I was purchased from Alexis/Enzo
Life Sciences (Farmingdale, NY). Antibodies against IFN-� (BS6631),
IFN-� (BS3486), and GAPDH (glyceraldehyde-3-phosphate dehydroge-
nase) (AP0063) were purchased from Bioworld Technology Inc. Allophy-

cocyanin (APC)-conjugated HLA-ABC (number 555571) and fluorescein
isothiocyanate (FITC)-conjugated HLA-DR, -DP, and -DQ (number
555573) antibody kits for fluorescence-activated cell sorter (FACS) stud-
ies of MHC-I and MHC-II expression were purchased from BD Biosci-
ences.

Preparation and validation of a monoclonal antibody against
NLRC5. To prepare a monoclonal antibody for the detection of endoge-
nous NLRC5, a recombinant protein corresponding to the C-terminal
258 amino acid residues of human NLRC5 (NM_032206) was prepared in
Escherichia coli and used to immunize BALB/c mice at AB-Mart (Shang-
hai, China). Eight individual clones were identified and subjected to fur-
ther screening for the ability to recognize NLRC5. Clone 7 was used in this
project, since it recognized FLAG-tagged NLRC5 expressed in HEK293T
cells. The clone also selectively detected a set of protein bands at approx-
imately 230 kDa from IFN-�-treated A549 cells. Animal experiments were
carried out with the authorization of Nanjing University, Jiangsu, China,
in accordance with the China law for animal protection.

Preparation of conditioned medium. Conditioned medium from
RSV-infected A549 cells (CM-RSV A549) or Vero cells (CM-RSV Vero)
was prepared by infecting A549 or Vero cells, respectively, with RSV at a
multiplicity of infection (MOI) of 1.0 PFU/cell in DMEM containing 2%

FIG 2 RSV infection promotes NLRC5 expression. (A) Gene induction determined by RT-PCR. A549 cells were infected with RSV at different MOIs (0.1, 0.3,
and 1.0) for 24 h. Total RNA was isolated for the detection of NLRC5, IFN-�, RIG-I, and STAT1 by RT-PCR. GAPDH expression was used as an internal control.
(B) Demonstration of a monoclonal antibody that recognizes both overexpressed and IFN-�-induced NLRC5. A recombinant protein corresponding to the
C-terminal 258 amino acid residues of human NLRC5 was prepared in E. coli and used to immunize BALB/c mice to generate a monoclonal antibody that could
be used for immunoblotting (IB) studies. Clone 7 recognized two protein bands at approximately 230 kDa from p3x-FLAG-NLRC5-transfected 293T cells. It also
recognized a pair of protein bands at approximately 230 kDa from IFN-�-treated A549 cells. A band at approximately 130 kDa was a nonspecific band (ns). (C)
Dose-response and time course studies of NLRC5 induction by RSV infection. A549 cells were infected with RSV at various MOIs, as indicated, for 24 h or at an
MOI of 1 for the indicated times. NLRC5 induction was detected using clone 7. RSV F protein expression was used as an indication of infection, while GAPDH
was used as a loading control. (D) Pretreatment of A549 cells with siNLRC5 suppresses NLRC5 induction. A549 cells were left untreated or treated with two
different siRNAs targeting NLRC5 (siNLRC5 number 1 and number 2) or an SC. The cells were then infected with RSV at an MOI of 1 and used for detection of
NLRC5 induction and F protein expression. GAPDH expression was used as a loading control.
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FBS. The medium was collected at approximately 48 h postinfection (p.i.),
centrifuged at 3,000 	 g for 30 min to remove cellular debris, and then
stored at �70°C. To inactivate RSV in the CM-RSV, ice-cold supernatant
was UV irradiated for 15 min at 1,200 mJ/cm2 using a UV Stratalinker
2400 (Stratagene).

Western blotting assay. Cells plated in 6-well culture plates were har-
vested in lysis buffer containing 1% NP-40, 150 mM NaCl, 50 mM Tris-
HCl (pH 7.4), and a cocktail of protease inhibitors (Roche). After removal
of cellular debris, soluble proteins were separated by SDS-PAGE and
transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore).
The proteins were detected by incubation with a primary antibody, fol-
lowed by horseradish peroxidase-conjugated secondary antibody, and the
ECL reagent kit (Pierce). The images were captured using the Clinx
(Shanghai, China) ChemiScope imaging system.

We used ImageJ software (NIH) to semiquantitatively measure
changes in the ratio of MHC-I to GAPDH by boxing each band of a
representative image with the rectangular selection tool and calculating
the total area of the band in pixels. The total area of the MHC-I bands was
normalized to the total area of the GAPDH band and plotted, using 1 for
the MHC/GAPDH ratio in the scrambled control (SC).

Flow cytometry assay. Monolayers of A549 cells were infected with
RSV under the indicated conditions or remained uninfected. The cells
were rinsed twice with diluted trypsin-EDTA (1	 0.25% trypsin-EDTA
diluted with PBS at a ratio of 1:5). After removal of the trypsin-EDTA, the
cells were left at room temperature for 3 to 5 min to detach the cells with
residual trypsin-EDTA. The cells were then collected, washed twice with
complete medium, and then resuspended in ice-cold PBS. MHC-I and
MHC-II staining was carried out using APC- or FITC-conjugated anti-
body staining kits. The data were collected on a FACSCalibur and ana-
lyzed using FCS Express v3 software (De Novo Software, Glendale, CA).

For the study of NLRC5 in MHC-I expression, A549 cells were trans-
fected with p3x-FLAG-NLRC5 or an empty vector as a control using Li-
pofectamine 2000. Thirty-six hours after transfection, cells were harvested
and analyzed for NLRC5 expression by Western blotting or for MHC-I
expression by FACS.

Gene-silencing study. Small interfering RNA (siRNA) duplexes tar-
geting NLRC5 (siNLRC5) or RIG-I (siRIG-I) expression were purchased
from GenePharma (Shanghai, China) and were used to transfect A549
cells using Lipofectamine 2000 according to the manufacturer’s instruc-
tions. A scrambled oligonucleotide pair (NLRC5 number 1 and RIG-I
number 1) was used as a control (SC). The sequences of the oligonucleo-
tides for RIG-I and NLRC5 are as follows: RIG-I number 1, 5=-GCAUAU
UGACUGGACGUGGCATT; RIG-I number 2, 5=-GGUGGAGGAUAUU
GCAACUTT; NLRC5 number 1, 5=-CAGGGUUCUCUCCCUGUU
AGA; and NLRC5 number 2, 5=-CUGCUGAUCUUUGAUGGGCUA.

Twenty-four hours after transfection, the cells were infected with RSV
for another 36 h. The cells were then harvested and analyzed for NLRC5
and MHC-I expression by Western blotting and by quantitative PCR
(qPCR) for the NLRC5 and HLA-A, -B, and -C genes.

Reverse transcription (RT)-PCR and quantitative real-time PCR.
RNA from A549 cells was isolated using TRIzol reagent (Life Technolo-
gies). Quantitative real-time PCR was performed on the Bio-Rad C1000
real-time PCR system using SYBR green Master Mix reagent (Bio-Rad).
GAPDH was used as an internal control for normalization. The data were
analyzed using the 2�

CT formula, and the control sample value was
normalized to 1. The sequences of all the primers used in this study are as
follows (forward and reverse): NLRC5, 5=-CTCAGCCAGGAGCAC
GTAG and 5=-CCAGCAGGTTTGCTGAGAGA; HLA-A, 5=-CCGTCCA
GAGGATGTATGGC and 5=-CCAGGTAGGCTCTCAACTG; HLA-B: 5=-

FIG 3 Correlation of NLRC5 expression and MHC-I induction. (A) Overex-
pression of NLRC5 enhances MHC-I expression. A549 cells were transiently
transfected with an empty vector (Vec con) or with p3x-FLAG-NLRC5 for 36
h. Surface expression of MHC-I was determined by FACS. The inset shows
NLRC5 expression determined by Western blotting. The experiment was per-
formed twice independently. (B) In parallel experiments, gene expression of
MHC-I molecules in the samples was determined by qPCR. The results are
representative of three independent experiments. The data are presented as
means and SD of duplicate samples. **, P � 0.01. (C) Suppression of NLRC5
expression by siRNA inhibits MHC-I induction. A549 cells were treated by
transfection with an SC or with siNLRC5 number 1 at various concentrations
(10, 20, and 30 nM) for 24 h. The cells were left uninfected or infected with RSV
for another 36 h. NLRC5 and MHC-I expression (Exp) was determined by

immunoblotting. The experiment was performed three times independently.
The fold change in the ratio of MHC-I to GAPDH was measured in the three
blots using ImageJ software and plotted by normalizing to the ratio in the SC,
set as 1.
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AACCGTCCTCCTGCTGCTCTC and 5=-CTGTGTGTTCCGGTCCCA
ATAC; HLA-C, 5=-GGATGTCTGGCTGCGACCTG and 5=-TCTTTGGG
GGTTCTGCGCGC; IFN-�, 5=-CTTGGATCCTACAAAGAAGC and 5=-
CATCTCATAGATGGTCAATGC; RIG-I, 5=-TGATTGCCACCTCAGT
TGCT and 5=-ACTGCTTCGTCCCATGTCTG; STAT1, 5=-GGCACG
CACACAAAAGTGAT and 5=-TTGGAGATCACCACAACGGG; and

GAPDH, 5=-ATGACATCAAGAAGGTGGTG and 5=-CATACCAGGAA
ATGAGCTTG.

Immunodepletion of IFN-� from UV-irradiated CM-RSV. UV-irra-
diated CM-RSV (100 �l) was incubated at 4°C for 60 min with an anti-
body against IFN-� at a final concentration of 10 or 30 �g/ml or an
antibody against IFN-� at 30 �g/ml. After removal of the antibody with
protein A-Sepharose beads (Pierce), the supernatants were mixed with
complete DMEM (5% [vol/vol]) and used to treat A549 cells.

RESULTS
RSV infection upregulates MHC-I and NLRC5 in A549 airway
epithelial cells. Previous studies have shown that RSV infection
promotes MHC-I expression (21, 23). To delineate a mechanism
of MHC-I upregulation during RSV infection, we first performed
FACS analysis to determine whether RSV infection upregulated
MHC complexes. To this end, A549 cells were infected with RSV
at an MOI of 1.0 for 36 h. MHC-I and MHC-II expression in
RSV-infected and uninfected controls were stained with anti-
MHC-I and anti-MHC-II antibodies followed by FACS analysis.
Consistent with the report by Garofalo et al. (21), RSV infection
selectively induced MHC-I expression, and no induction of
MHC-II was detected in RSV-infected A549 cells (Fig. 1A). The
upregulation of MHC-I molecules was verified by qPCR for the
heavy-chain molecules. As shown in Fig. 1B, elevated expression
of HLA-A, HLA-B, and HLA-C was detected in RSV-infected cells
compared with that in uninfected controls.

NLRC5 was recently identified as a cotransactivator for MHC-I
expression, and we next investigated whether RSV infection pro-
moted the expression of NLRC5. The induction of NLRC5 was
first demonstrated using RT-PCR. As shown in Fig. 2A, RSV in-
fection induced NLRC5 expression in A549 cells. In addition, we
also detected increased expression of IFN-�, RIG-I, and STAT1,
genes of the innate immune response. No expression of IFN-� was
detected even after 40 cycles of amplification. To closely investi-
gate the role of NLRC5 induction in viral infection, we prepared a
panel of monoclonal antibodies that could be used for immuno-
blotting studies. Clone 7 recognized both overexpressed and en-
dogenously expressed NLRC5 (Fig. 2B) and was used in this study.
A549 cells expressed NLRC5 at low levels (Fig. 2C). RSV infection
induced NLRC5 expression in a dose- and time-dependent man-
ner. The induction of NLRC5 was specific, since pretreatment of
A549 cells with two different siRNAs targeting NLRC5 expression
(siNLRC5 number 1 and number 2) significantly suppressed
NLRC5 expression (Fig. 2D). Although siRNA treatment sup-
pressed NLRC5 expression, the treatment did not significantly
affect RSV infection, since F protein expression was detected at
comparable levels in the samples (Fig. 2D).

Correlation between NLRC5 expression and MHC-I upregu-
lation during RSV infection. As a CITA, NLRC5 regulates MHC
class I gene expression. We next investigated whether NLRC5
upregulation was involved in MHC-I induction during RSV in-
fection. The effect of NLRC5 on MHC-I expression was first dem-
onstrated by transfection of A549 cells with a plasmid for FLAG-
NLRC5 expression (Fig. 3A, inset). Surface expression of MHC-I
in NLRC5- and control vector-transfected A549 cells was detected
by FACS analysis 36 h after transfection. As shown in Fig. 3A,
overexpression of NLRC5 resulted in increased detection of
MHC-I. The induction of MHC-I was also demonstrated by RNA
levels. As shown in Fig. 3B, the levels of HLA-A, HLA-B, and
HLA-C mRNAs in FLAG-NLRC5-transfected cells were signifi-
cantly elevated compared to those in vector-transfected controls,

FIG 4 RSV promotes NLRC5 expression in A549 cells through IFN-� secretion.
(A and B) Conditioned medium contains NLRC5-inducing activity. (A) A condi-
tioned medium from RSV-infected A549 cells (CM-RSV A549) was UV irradiated
to deactivate RSV (�UV), heat inactivated (HK), or left untreated (�UV). The
medium was then mixed with fresh DMEM at a 10% ratio and used to treat A549
cells. (B) Dose response of NLRC5 induction to the conditioned medium. UV-
irradiated conditioned medium was mixed with fresh DMEM at various ratios
(percent [vol/vol]) and used to treat A549 cells. NLRC5 induction was determined
by Western blotting. The expression of viral F protein was determined to show the
effect of UV irradiation or heat deactivation on infectious virions. The experiment
was performed two times independently. (C) Induction of NLRC5 by recombi-
nant interferons. A549 cells were treated with IFN-� (100 U/ml), IFN-� (100
U/ml), and IL-28B or IL-29 (10, 30, and 100 ng/ml) for 24 h. Cells were harvested,
and NLRC5 induction was detected by Western blotting. GAPDH expression was
used as an internal control. (D) Time course of NLRC5 induction by recombinant
IFN-�. A549 cells were treated with recombinant IFN-� at 100 U for the indicated
times. NLRC5 induction was determined by immunoblotting. GAPDH was the
loading control. (E) Immunodepletion of IFN-� removes NLRC5-inducing activ-
ity. Aliquots (100 �l) of UV-irradiated conditioned medium were left untreated or
incubated at 4°C with anti-IFN-� (10 �g/ml and 30 �g/ml) or anti-IFN-� (30
�g/ml) for 60 min. The immunocomplexes were removed by protein A-Sepharose
beads. The supernatants were mixed with fresh DMEM at 5% (vol/vol) and tested
on A549 cells for NLRC5-inducing activity. The results are representative of two
independent experiments. GAPDH was used as a loading control. Tx, treatment.
(F) Suppression of NLRC5 expression inhibits NLRC5 and MHC-I induction by
IFN-�. A549 cells were transfected with scrambled control or with siNLRC5 num-
ber 1 (10, 20, or 30 nM) for 24 h. The cells were then treated with 100 U of IFN-�
for 24 h. NLRC5 and MHC-I expression was determined by Western blotting.
GAPDH expression was the loading control.
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indicating overexpression of NLRC5 promoted MHC-I expres-
sion in A549 cells.

We then asked whether suppression of NLRC5 expression by
siRNA treatment would block MHC-I induction during RSV in-
fection. A549 cells were transfected with various amounts of
siNLRC5 number 1 prior to RSV infection. The expression of
NLRC5 and MHC-I was determined by immunoblotting studies
(Fig. 3C). Treatment with siNLRC5, but not an SC, significantly
suppressed NLRC5 expression. MHC-I induction was also signif-
icantly reduced in these samples. The results, taken together, in-
dicated that NLRC5 upregulation was a contributing factor for
MHC-I induction during RSV infection.

RSV promotes NLRC5 expression through IFN-� secretion
in A549 cells. Several factors, including interferons and double-
stranded RNA, are known to induce NLRC5 expression. We
therefore investigated whether RSV infection promoted NLRC5
and MHC-I expression through a secreted factor(s) or by direct
sensing of viral RNA. We first tested whether a conditioned me-
dium from RSV-infected A549 cells contained NLRC5-inducing
activity by following a widely used protocol (49). A conditioned
medium from RSV-infected cells (CM-RSV) was harvested. The
medium was used without treatment or treated by heat deactiva-
tion or by exposure to UV light. The samples were tested for their
activity in inducing NLRC5 expression. As shown in Fig. 4A, the
untreated medium (�UV) had both infectivity and NLRC5-in-
ducing ability. Heat treatment (HK) abolished both infectivity
and NLRC5-inducing activity. In contrast, UV irradiation (�UV)
retained NLRC5-inducing ability, even though the treatment
completely destroyed infectivity, as was confirmed by the absence
of F protein expression in the sample (Fig. 4A). When we titrated
for NLRC5-inducing activity in the medium, we found that the
activity was relatively strong. Conditioned medium at as low as
2% promoted NLRC5 expression (Fig. 4B).

A549 cells are known to produce interferons in response to
viral infection (21, 50), factors that are known to induce NLRC5
expression. We therefore first tested whether recombinant inter-
ferons had the ability to induce NLRC5 in A549 cells using IFN-�
as a positive control. Treatment of A549 cells with IFN-� or
IFN-�, but not IL-28B or IL-29, members of the IFN-� group
(51), strongly induced NLRC5 expression (Fig. 4C). The effect of
IFN-� on NLRC5 induction was rapid and robust, since elevated
NLRC5 induction was detected at 4 h and persisted throughout
the experiment (Fig. 4D), suggesting IFN-� production was po-
tentially a factor in NLRC5 induction. We therefore treated the
UV-irradiated medium with an antibody against IFN-� or IFN-�
to determine whether immunodepletion of IFN-� would remove
NLRC5-inducing activity in the medium. As shown in Fig. 4E,
depletion of IFN-�, but not IFN-�, eliminated NLRC5-inducing
activity, suggesting IFN-� production was responsible for NLRC5
and MHC-I induction during RSV infection of A549 cells. The
conclusion was substantiated by the results from gene-silencing

FIG 5 Role of RIG-I in NLRC5 induction. (A) Induction of NLRC5 and RIG-I
in A549 cells by RSV RNA. A549 cells were transfected with various amounts of
RSV RNA for 24 h. NLRC5 and RIG-I induction was detected by Western
blotting. GAPDH expression was used as a loading control. The experiment
was performed 2 times independently. (B) Induction of NLRC5 in type I IFN-
defective Vero cells by RSV infection. Vero cells were infected with RSV at two
different MOIs for 36 h or treated with IFN-� (100 U/ml). NLRC5 expression
was detected by immunoblotting. RSV infection or IFN-� stimulation pro-
moted NLRC5 expression, even though the cells are defective in type I inter-
feron production (54, 55). The experiment was performed 2 times indepen-
dently. (C) UV irradiation destroys NLRC5-inducing activity in a conditioned
medium from RSV-infected Vero cells. CM-RSV Vero was processed as de-
scribed in the legend to Fig. 4A. The medium was then tested on A549 cells for
NLRC5-inducing activity by immunoblotting. A nonirradiated (�UV) sam-
ple contained infectious virions (F protein expression) and promoted NLRC5
expression. UV irradiation (�UV) destroyed infectious virions (absence of F
protein). The sample also lost NLRC5-inducing activity. The experiment was
performed 3 times independently. (D) Induction of NLRC5 by RSV RNA in
Vero cells. Vero cells were transfected with various amounts of viral RNA for
24 h. NLRC5 and RIG-I induction was detected by Western blotting. GAPDH
expression was used as a loading control. The experiment was performed 2
times independently. (E) Suppression of RIG-I expression blocks NLRC5 and
MHC-I expression and IRF3 phosphorylation in both A549 and Vero cells.

A549 cells or Vero cells were left untreated or transfected with an SC or two
different siRNAs (siRIG-I number 1 and number 2) for 24 h. The cells were
then infected with RSV. RIG-I expression and protein induction, as well as
IRF3 phosphorylation, were detected by Western blotting. (F) Effect of NLRC5
or RIG-I knockdown on the induction of MHC-I in RSV-infected A549 cells.
A549 cells were transfected with an SC or the indicated siRNA for 24 h. The
cells were then infected with RSV for 36 h and used for the detection of MHC-I
induction using FACS. Uninfected SC was used as a control.
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studies. A549 cells were treated with siNLRC5 number 1 at various
concentrations or with a scrambled siRNA at 30 nM, followed by
treatment with recombinant IFN-�. The induction of NLRC5 and
MHC-I expression in the samples was determined by immuno-
blotting studies. As shown in Fig. 4F, IFN-� treatment induced
both NLRC5 and MHC-I expression. Suppression of NLRC5 ex-
pression significantly inhibited MHC-I induction, indicating that
IFN-� acted through NLRC5 to induce MHC-I expression during
RSV infection of A549 cells.

Role of RIG-I in NLRC5 expression during RSV infection.
RIG-I, a pattern recognition receptor (PRR), has been demon-
strated to sense viral RNA to mediate the early response to RSV
infection in airway epithelial cells (14). We next investigated
whether RIG-I expression played a role in NLRC5 induction. To
this end, A549 cells were transfected with a preparation of RSV
genomic RNA. NLRC5 expression was evaluated at 24 h post-
transfection. As shown in Fig. 5A, transfection with RSV RNA
resulted in induction of NLRC5 protein, indicating that the host
had the ability to sense RSV RNA for NLRC5 induction.

We showed that A549 upregulated NLRC5 expression through
IFN-� secretion. The host initiates an innate immune response to
virus infection to promote antiviral gene expression, including
interferon production (52, 53). To dissect the effect of IFN-� pro-
duction and direct detection of viral RNA on NLRC5 expression,
we then transfected Vero cells with viral RNA. Vero cells are de-
rived from a green monkey kidney cell line that has an impaired
pathway for type I IFN production (54, 55) and therefore can be

used to exclude the effect of secreted IFN-� in NLRC5 upregula-
tion. As shown in Fig. 5B, Vero cells responded to IFN-� stimu-
lation. RSV infection also promoted NLRC5 expression. Unlike
A549 cells, which produced a factor to induce NLRC5 expression,
RSV-infected Vero cells did not produce NLRC5-inducing fac-
tors, since after UV irradiation, a conditioned medium from RSV-
infected Vero cells (CM-RSV Vero) lost NLRC5-inducing activity
(Fig. 5C, lane 4). When tested for NLRC5 induction by direct
transfection of RSV RNA, the cells responded to viral RNA by
upregulating NLRC5 expression (Fig. 5D). The data indicated that
the host senses viral RNA to initiate an innate immune response
for NLRC5 upregulation.

The essential role of RIG-I expression was demonstrated with
gene silencing of RIG-I expression. As shown in Fig. 5E, treatment
of A549 or Vero cells with siRNA targeting RIG-I blocked RIG-I
induction by RSV infection. As expected, suppression of RIG-I
expression blocked the induction of both NLRC5 and MHC-I in
A549 cells and Vero cells (Fig. 5E). In addition, suppression of
RIG-I expression also blocked RSV-induced IRF3 phosphoryla-
tion, a critical player in IFN response. The importance of RIG-I
and NLRC5 in RSV-induced MHC-I expression was finally dem-
onstrated with reduced surface expression of MHC-I in A549 cells
after knockdown of NLRC5 or RIG-I. As shown in Fig. 5F, sup-
pression of NLRC5 or RIG-I expression markedly blocked MHC-I
induction by RSV infection. These results demonstrated that the
host senses viral RNA to upregulate NLRC5 and MHC-I expres-
sion.

FIG 6 Model of MHC-I upregulation during RSV infection of airway epithelial cells. The host senses invading RSV with RIG-I and initiates an antiviral response,
including upregulation of antiviral genes and secretion of IFN-�, which in turn promotes NLRC5 expression and MHC-I upregulation. The “p” in red circles
denotes phosphorylated proteins.
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DISCUSSION

RSV infection of lung epithelial cells leads to increased expres-
sion of MHC-I. In this report, we examined the regulation of
MHC-I induction in RSV-infected airway epithelial cells. We
found that the host upregulates RIG-I expression by direct de-
tection of viral RNA, leading to IRF3 activation and IFN-�
secretion, which in turn upregulates NLRC5 expression in
A549 cells. In addition, detection of viral RNA also leads to
NLRC5 expression independent of IFN-� production, as was
demonstrated using Vero cells, a cell line that is defective in
IFN-� production due to a genetic lesion in the IFN-� locus
(54, 56). RSV infection promotes significant production of
IFN-� (57–59). Treatment of A549 cells with recombinant IL-
28B or IL-29, however, did not significantly induce NLRC5
expression, excluding IFN-� as a player in MHC-I induction in
A549 cells. Although IFN-� treatment promotes NLRC5 ex-
pression in both macrophages (60) and A549 cells (Fig. 2B and
4C), both immunodepletion studies and studies using Vero
cells showed that NLRC5 induction relied on viral RNA sensing
and IFN-� secretion. Our data therefore implicate RIG-I and
NLRC5 as critical players in MHC-I induction in RSV-infected
epithelial cells (Fig. 6).

The host senses invading virus with PRRs. Members of the
PRRs, including TLRs, RIG-I-like receptors (RLRs), and NOD-
like receptors (NLRs), contribute to viral detection, leading to
induction of cytokines, chemokines, and type I interferons and
subsequent eradication of the virus (61). Viral infection and
interferon stimulation promote NLRC5 expression. Although
NLRC5 was originally identified as a regulator of antiviral im-
munity (62, 63), the mechanisms underlying this role began to
become clearer when it was reported to interact with RIG-I to
induce the antiviral response against influenza virus (50).
RIG-I is a key factor in recognizing RNA viruses, and while RSV
infection has not been performed in RIG-I�/� mice, they are
defective in both interferon production and immunity to a host
of other RNA viruses (64). In addition, we show that RSV pro-
motes NLRC5 expression and subsequent MHC-I upregulation
through RIG-I induction. The identification of factors that
promote MHC-I accumulation during viral infection is a chal-
lenging but interesting proposition, since viruses frequently
suppress MHC expression for immune evasion (24–26, 65, 66).

The host response to RSV infection in the lung contributes
to its pathology via significant increases in inflammation and
mucus production (67). Therefore, a delicate balance involving
control of infection by virus-specific cytotoxic T lymphocytes
(CTL) while mitigating initiation of general inflammation me-
diating airway pathology may represent an optimal solution
(68–70). Aside from exacerbating the immediate response, it is
not unreasonable that upregulation of MHC-I sensitizes the
host to allergic asthma later in life. Indeed, RSV infection is
ubiquitous, and it remains unclear whether immunologic as-
pects of initial infection contribute to these sequelae later in
life. It would be interesting to determine whether patients with
RSV infection have increased NLRC5 and RIG-I expression.
Nonetheless, the demonstration of MHC-I upregulation and
the delineation of a mechanism regulating MHC-I expression
during RSV infection of epithelial cells provide a link for T cell
response in RSV disease.
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